Hydrophobic silica xerogels containing trimethylsilyl (TMS) and dimethylsilyl (DMS) organic hydrophobic functional groups were synthesized using waterglass as the starting material. Five types of hydrophobic silica xerogels with varying surface coverages of the TMS and DMS groups were synthesized by changing the molecular structure of siloxane, which was used to introduce the hydrophobic moieties into the hydrogel and to investigate the resultant surface structures and thermal characteristics. The results revealed that the relative area of silica xerogels was smaller with a higher coverage of DMS groups. In addition, the thermal decomposition temperature of the silyl group shifted to higher temperatures, and the weight reduction during heating was also relatively limited in the above samples.
Introduction
Silica aerogel, which was synthesized for the first time in the 1930s by S. S. Kistler, 1) has a porous structure comprising silica nanoparticles measuring tens of millimeters in diameter and linked by point contacts. Numerous aerogels comprising organic or inorganic systems have been synthesized in the past; among these, silica aerogel continue to attract considerable attention because of its various superior characteristics. It is used as a Cherenkov photodetector, 2) for example, because of its high optical transparency and low refractive index. It is also used as a thermal insulation material and as a space dust-collecting material on Mars probes. 3) In the past, the range of applications for silica aerogel has been confined to certain fields, as described above. With the increasing demand for energy conservation technologies from the perspective of global environmental protection, moreover, expectations for the application of the high thermal insulation property of silica aerogel are increasing in the field of household electronics, residential buildings, and automobiles. While silica aerogel features superior characteristics, the development of its practical consumer applications has not progressed. This can be attributed largely to the complexity of the aerogel manufacturing process and the low mechanical strength and low thermal resistance of aerogel material.
Issues relating to the manufacturing process can be categorized into two areas: (a) wet gel preparation from raw materials; and (b) hydrophobization and drying. Alkoxysilane and waterglass are generally used as raw materials for the preparation of wet gel. Solgel reactions using such materials are known to represent a simple method for the above preparation. Tetramethoxysilane (TMOS) and tetraethoxysilane (TEOS) are used as the alkoxysilanes. TMOS has a higher reactivity than TEOS, and the silica aerogels synthesized with TMOS are known to have fine, uniform pores that provide a greater specific surface area. Thus, many studies have been conducted using TMOS. TMOS is expensive and potentially harmful to the eyes, however, and it is consequently unsuitable for industrialization. Aerogels have been synthesized using methylsilicate 51 (tetramer of TMOS), which has improved toxicity relative to TMOS 4) but is just as expensive. Waterglass, on the other hand, is a more attractive raw material for practical reasons such as lower cost, superior safety, and supply stability relative to alkoxysilanes. Methods for synthesizing silica aerogels from waterglass include a method in which alkali is added to acidic sol, with the sodium ions removed using an ion-exchange resin 5) and a method in which acid is added directly to the waterglass. 6 ),7) The ion-exchange method has a significant impact on the environment due to the large amount of water used for cleansing and regenerating the ion-exchange resin and, for these reasons, processes that are friendlier to the environment and that minimize the use of water are desired.
In the past, silica aerogel has been derived by using supercritical fluids, such as carbon dioxide, to remove solvents such as water and alcohol. 4) While monoliths of higher quality can be derived through supercritical drying, the process requires a large amount of solvent and a long time to conduct solvent substitution before drying. The enormous investments required for facilities and batch processing pose further obstacles to large-scale industrial applications. F. Schwertfeger et al., reported a simultaneous solvent substitution and hydrogel hydrophobization method in which they used a solution consisting of alcohol, trimethylchlorosilane (TMCS) and hexane. 8) This method is very useful, since silica xerogel can be easily synthesized without the solvent substitution or supercritical drying steps. While this has notable advantages as a source for the trimethylsilyl (TMS) group, however, the significantly high volatility and corrosivity of TMCS make the compound difficult to use on an industrial scale. This means the development of a method for achieving hydrophobization with safer, less hazardous conditions and no direct use of TMCS is desirable.
In terms of physical properties, fragility and lack of thermal resistance can be cited as obstacles to practical application of silica aerogels. Silica aerogels are brittle and easily broken, since they are composed of porous structures with silica particles linked by point contacts. Studies aimed at improving their strength through combination with resins or bonded materials are currently being aggressively pursued for this reason. Aerogels typically become hydrophilic when heat treated, moreover, as organic functional groups are decomposed by heat-induced oxidation at temperatures of 300°C and higher. 9) At these temperatures, the organic hydrophobic functional groups generated via thermal decomposition become a combustible gas, which may cause combustion or explosion. The temperature for thermal decomposition of the organic hydrophobic functional group must be shifted to higher values enable to use of the aerogels over a broader range of temperatures. Using aerogels across a wider temperature range, therefore, will reguire shifting the thermal decomposition temperature of the organic hydrophobic functional groups to higher temperatures and reducing the amount of combustible gas generated. The potential for the development of applications can be extended if it is possible to improve the thermal resistance and flame retardance of the aerogels. Under current conditions, the factors determining the temperature of thermal decomposition of the organic hydrophobic functional groups are unclear, making it difficult to design a policy for improved thermal resistance and flame retardance. There are many examples of past studies that modified the TMS group as an organic hydrophobic functional group by using substances such as hexamethyldisilazane (HMDS) and TMCS. 10),11) As far as the authors are aware, no report has yet been made on any case that could serve as an example in which evaluation of the structures and physical properties was conducted after introducing a dimethylsilyl (DMS) group to a wet gel prepared from waterglass.
Throughout this research, therefore, hydrophobization was conducted under safe, mild conditions that made use of 2-propanol and siloxanes of various structures with no direct use of TMCS. The hydrophobization was carried out after immersing the hydrogel (prepared by solgel reactions between an inexpensive waterglass raw material and mineral acids) in hydrochloric acid. This means that during the reaction, active TMCS and dimethyldichlorosilane (DMDCS) species were generated in arbitrary proportions through nucleophilic substitution reactions between HCl and the siloxane molecules. Once these species had reacted with the hydrogel frame to give it sufficient hydrophobicity, it was dried at high temperatures under atmospheric pressure. Hexamethyldisiloxane, octamethyltrisiloxane, decamethyltetrasiloxane, dodecamethylpentasiloxane, and octamethylcyclotetrasiloxane were used as siloxane species, and five types of hydrophobic silica xerogels with varying surface coverages of TMS and DMS organic hydrophobic functional groups were synthesized in order to perform evaluations of the respective surface structures and thermal characteristics.
Experimental procedures

Preparation of hydrophobic silica xerogels
A SiO 2 aqueous solution with a concentration of 6%, prepared by diluting waterglass (28.95% SiO 2 ; 9.41%, Na 2 O; molar ratio 3.2) with ultrapure water, was used as the starting material.
Concentrated hydrochloric acid (Kanto Chemical) was used as a catalyst. The amount of HCl to be added in the waterglass gelation process was determined to be 3.6 wt % by investigating the dependence of the gelation time on the amount of HCl added. For the above HCl concentration, the gelation time was measured at approximately 3 min via the inversion method. Next, the hydrogel was pulverized using a spatula and then immersed for 60 min in 6 N hydrochloric acid. The gel was then taken out of the HCl solution and immersed in a mixture of siloxane (Shin-Etsu Chemical) and 6.8 wt % IPA (Kanto Chemical) and subsequently heated for 6 h at 60°C to cause a hydrophobization reaction. Hexamethyldisiloxane (S1), octamethyltrisiloxane (S2), decamethyltetrasiloxane (S3), dodecamethylpentasiloxane (S4) and octamethylcyclotetrasiloxane (S5) were each used as the siloxane in the above reaction. Drying was performed at 220°C under atmospheric pressure for six hours.
Characterization
The organic hydrophobic functional groups residing on the surface of the hydrophobic silica xerogels were investigated using 29 Si MAS-NMR spectroscopy (JEOL JNM ECA-300 spectrometer) and FT-IR spectroscopy (FT/IR-4700 spectrometer, JASCO, Tokyo, Japan). Features relating to the microstructure of the silica xerogels, such as the relative area and pore volume, were investigated using nitrogen gas adsorption BET measurements (model BERSORP-MAX manufactured by Microtrac-BELL). Contact angle measurements were performed using a contact angle meter (Kyowa Interface Science, CA-XP 150) to evaluate the degree of hydrophobicity. For this purpose, 2 uL water droplets were placed at five different points on the surface of a hydrophobic xerogel sheet composed of silica xerogel and non-woven fabric (glass paper), and the average value was taken as the contact angle. The impact of the composition of the surface hydrophobic functional groups on the thermal resistance was investigated, moreover, by taking differential scanning calorimetry (DSC) (model DSC6200 manufactured by SII) and thermogravimetric analysis (TG) (model TG/DTA7200 manufactured by SII) measurements. Thermal analysis was performed under flowing atmospheric air within the temperature range of 30 550°C (heating rate = 5°C/min; flow rate = 300 ml/min).
Results and discussions 3.1 Preparation of hydrogels
Sodium silicate (Na 2 SiO 3 ) has been studied in the past as an inexpensive silica source for synthesizing silica gel. Sodium silicate reacts with water and hydrochloric acid in a hydrolysis reaction that ultimately produces silica, as shown by Eq. (1):
Furthermore, the generated silica triggers a dehydration reaction, as shown by Eq. (2), to produce small silica particles and chains that form a network:
This silica dehydration is believed to progress via the same mechanism, even when alkoxysilane is used as the source of silica. The synthesis of silica gel involves a solgel transition. This transition is referred to as gelation, in which the sol becomes highly viscous and loses fluidity. The dependence of the gelation time of the 6% aqueous solution of waterglass on the amount of hydrochloric acid added is shown in Fig. 1 . The gelation time is strongly dependent on the amount of gelling agent added to the sol. The gelation time of the waterglass aqueous solution decreased from 40 min to a few tens of seconds as the amount of hydrochloric acid added to the sol increased from 2.8 to 3.8 wt %. This decrease in gelation time was induced by the increase of acid in the sol, which increases the rate of the polymerization reaction. This means that it is quicker than the coagulation of silica clusters and is believed to lead to the formation of threedimensional porous networks in a short time. The synthesis of the hydrophobic silica xerogels was performed with a 3.6% concentration of hydrochloric acid, which resulted in a gelation time of approximately 3 min.
Hydrophobization of hydrogels and ambient pressure drying of wet gels
The hydrophobization of the hydrogel was performed next. Hydrophobization is a process in which a hydrophobic gel is prepared through the reaction of a hydrogel with a hydrophobic agent. The synthesis process is shown in Fig. 2 . The hydrophobization process primarily comprised two steps. First, the hydrogel was immersed in hydrochloric acid to substitute the water inside the pores with hydrochloric acid and fill in the empty spaces inside the gel network with molecules of hydrochloric acid. Next, the aforementioned hydrogel containing hydrochloric acid was placed in a solution of the selected siloxane and IPA and heated at 60°C to generate chlorosilane through the decomposition of the siloxane by hydrochloric acid. If catenate siloxane is ð3Þ ð4Þ ð5Þ ð6Þ used in this step, TMCS and DMDCS are generated from siloxane and hydrochloric acid, as shown in Eq. (3). In such cases, when n in Eq. (3) is 0, two molecules are generated from one hexamethyldisiloxane, and as a consequence DMDCS is not generated. On the other hand, if a cyclic siloxane is used, only DMDCS is generated from siloxane and hydrochloric acid, as shown in Eq. (4). Next, the TMS group, which is a hydrophobic substituent of the DMS group, is generated when TMCS or DMDCS reacts with silanol that resides on the particle surface of the hydrogel, as shown by Eqs. (5) and (6) .
Water and hydrochloric acid inside the hydrogel are expelled from the gel as the hydrophobization progresses, and the empty spaces inside the gel fill with the siloxane solvent. Such catenated siloxanes or cyclic siloxanes as are used in this study are nonpolar solvents with a surface tension of 20 mN/m or lower at room temperature, which is extremely low compared to polar solvents such as water. This means that capillary stresses toward the gel pore interiors created by solvent evaporation can be alleviated by drying under constant pressure, which inhibits deformation or collapse of the gel framework of the hydrophobic silica xerogels via the "spring-back" effect.
FT-IR absorbance spectra
The FT-IR absorbance spectra of the silica xerogel synthesized via five species of siloxane are shown in Fig. 3 . Absorption due to CH bonding was observed at 2,962 and 2,905 cm
¹1
, while absorption corresponding to the SiC bonding was observed at 1,255 cm ¹1 and 843 to 757 cm ¹1 . More specifically, the absorption in the vicinity of 757 cm ¹1 corresponded to the SiC of TMS, while the three absorptions at 1,255, 843, and 805 cm ¹1 were attributed to the SiC of TMS and DMS. Xerogel S1 prepared by hydrophobization using HMDSO indicated an acute absorption at 757 cm
, which corresponded to the TMS group. No TMS group was observed in the xerogel S5 prepared by hydrophobization using octamethylcyclotetrasiloxane. The small peak in the vicinity of 1,600 cm ¹1 is an OH group and is believed to have been derived from moisture due to physical adsorption. The strong peak at 1,049 cm ¹1 was attributed to absorption from the SiOSi bonding.
29 Si MAS-NMR spectrum
A solid 29 Si-NMR analysis was performed in order to estimate the ratio between the TMS group and the DMS group in the Oikawa et al.: Effect of organic hydrophobic groups on the pore structure and thermal properties of waterglass-based silica xerogels respective prepared gels (Fig. 4) . Peaks of the signals, which were expected to exist on the inner surface of the xerogels, were detected between Q1 and Q4 in the spectra. The peak at Q1 derived from the TMS group was at 11 ppm, while the peak at Q2 corresponding to DMS was at ¹20 ppm. The peaks at Q3 and Q4 were at ¹102 and ¹112 ppm, respectively. The latter peaks were separated, and the area under each peak was then calculated. The quantification results calculated based on the peak area ratios are shown in Table 1 . The area ratios of the organic functional groups (Q1, Q2) in each of the samples in Table 1 show only the fractions that are occupied out of 100% of the total surface area of Q1 through Q4 in each sample (the area ratios), moreover, and these can therefore not be used to compare the absolute quantities of the organic functional groups (Q1, Q2) among the samples. The TMS peak of sample 1, hydrophobed using the HMDSO, was determined to be 20.5%, but no DMS was detected. The peak ratio of the DMS increased, moreover, as the length of the catenated siloxane (n = 2, 3, 4) was extended. The peak of DMS was detected to be 25.2% for S5 derived by hydrophobization with octamethylcyclotetrasiloxane, which is a cyclic siloxane, while no TMS peak was detected. The above results agree with the results obtained by FT-IR, and the absence of the TMS group was affirmed in the S5 system, which was hydrophobed using octamethylcyclotetrasiloxane. It was found that changing the molecular structure of siloxane in this manner makes it possible to synthesize hydrophobic xerogels with varying coverages of the TMS and DMS groups.
Pore structures of synthesized silica xerogels
The pore characteristics of the hydrophobic silica xerogel were investigated based on the adsorption/desorption isotherm lines of nitrogen gas and pore distribution. Figure 5 (a) depicts the adsorption/desorption isotherm lines of nitrogen gas for the samples hydrophobed using various siloxanes. Hysteresis loops (Type IV isotherms) corresponding to a mesoporous character were obtained in the physical adsorption isotherm lines of all samples. These isotherm lines were extremely similar to the isotherm lines of silica aerogel derived from supercritical drying or constant pressure drying, furthermore, and were determined to have cylindrical type pore shapes (H1 type). The distribution of the pore diameters calculated based on the adsorption side of the respective xerogels synthesized in this study is shown in Fig. 5(b) . Sample S1 hydrophobed using HMDSO as the siloxane had an average pore diameter of 78 nm, sample S2 had an average pore diameter of 38 nm, sample S3 had an average pore diameter of 92 nm, sample S4 had an average pore diameter of 106 nm, and sample S5 had an average pore diameter of 52 nm. No clear correlation was discovered between the average pore diameter and the structure of the siloxane used for hydrophobization. An extremely broad pore distribution curve was evident for all samples. This agrees with the scattering of visible light make the bulk samples to appear white. In other words, it can be interpreted as a result of the Fig. 3 . FT-IR spectra of modified silica xerogels using hexamethyldisiloxane (S1), octamethyltrisiloxane (S2), decamethyltetrasiloxane (S3), dodecamethylpentasiloxane (S4), and octamethylcyclotetrasiloxane (S5) as hydrophobizing solvents.
Fig. 4.
29 Si MAS-NMR spectrum of hydrophobic silica xerogels prepared from hexamethyldisiloxane (S1), octamethyltrisiloxane (S2), decamethyltetrasiloxane (S3), dodecamethylpentasiloxane (S4), and octamethylcyclotetrasiloxane (S5) as hydrophobizing solvents. diffused reflection of visible light, since the samples have an extremely broad pore distribution range. The fact that it is difficult to form a network with uniform pore diameters, since the gelation time is very short at approximately 3 min, and due as well to the presence of empty spaces of random sizes left by NaCl that previously existed inside the hydrogel eluting in hydrochloric acid during the hydrochloric acid immersion process, can be considered potential reasons why the pore distribution is so broad. The samples synthesized here not only had mesopore regions (2 to 50 nm) but also macropores (50 nm and greater), according to the IUPAC classification of pores. With this method, it is not possible to obtain a (transparent) xerogel with a strictly controlled unimodal pore size distribution, but it is possible to synthesize, with good reproducibility, a xerogel with a multimodal pore size distribution and with pore sizes in both the mesopore range and the macropore range. Figure 6(a) depicts the relationship between the number of DMS groups generated from a single molecule of siloxane used for hydrophobization and the BET relative area. Oikawa et al.: Effect of organic hydrophobic groups on the pore structure and thermal properties of waterglass-based silica xerogels JCS-Japan groups increases. The fact that the specific surface area of xerogel decreases as the number of DMS groups increases is thought to result from a decrease in the the number of methyl groups present per unit area of the silica particle surface decreases. The pore volume of the xerogel was unchanged at 23 cm 3 ·g
¹1
, however, irrespective of the number of DMS groups.
Hydrophobicity and thermal analysis of synthesized silica xerogels
The degree of hydrophobicity on the samples synthesized in this study was investigated using a contact angle meter. The results showed the water contact angles of the five types of hydrophobic silica xerogel sheets S15 to be from 142 to 147°: the water contact angle of hydrophobic silica xerogel sheet S1 was 147°, and those of sheets S2, S3, S4, and S5 were 143, 142, 145, and 146°, respectively; thus, it was verified that they all show water repellence close to super-repellence (150°). Since no clear correlation is seen between the type of hydrophobic species and the water contact angle, it is thought that the macro hydrophobicity is similar regardless of the hydrophobic group. Figure 7 (a) shows the hydrophobic condition of sample S1.
The thermal decomposition behavior of the samples synthesized in this study was investigated using TG and DSC. The TG and DSC curves are shown in Fig. 8 . A reduction in weight was observed starting from the vicinity of 380°C in the TG curves of all samples, but the weight reduction was smaller for samples with a greater proportion of DMS. An exothermic peak associated with the thermal decomposition of the methylsilyl group was observed in the vicinity of 380°C. In S1 to S4, an exothermic peak, possibly arising from the decomposition of TMS, was observed at 350 to 400°C. On the other hand, in S2 to S5, a wide peak owing to DMS decomposition was observed at temperatures of 350°C or higher. TMS and DMS, which are hydrophobic organic functional groups, became hydrophilic and the samples lost hydrophobicity at above this exothermal peak; the samples became hydrophilic at temperatures of 400°C of above, although hydrophobicity was maintained up to 350°C. Due to the thermal decomposition of the organic functional groups, the samples became hydrophilic and sank in water when the silica xerogels were heat-treated at 500°C for one hour [ Fig. 7(b) ]. While the weight retention rate of the gel at 500°C was 89.7% for sample 1 (see Table 2 ), it was 93.1% for sample 5. In addition, the xerogels densely covered with DMS groups tended to show a wider exothermic peak at 350°C or higher. This indicates that silica xerogels with greater amounts of DMS do not thermally decompose readily. The bond dissociation energies in methylsiloxane are 337 kJ·mol ¹1 for SiC bonds, 444 kJ·mol ¹1 for SiO bonds, and 409 kJ·mol ¹1 for CH bonds. These dissociation energies imply that the thermal decomposition reaction of hydrophobic xerogels is initiated by the breaking of the SiC bonds, followed by the SiO bonds. However, the two SiO bonds do not appear to break simultaneously in the case of the DMS group, and the likelihood of sequential decomposition can be suggested. Furthermore, samples with greater coverage of DMS have a smaller reduction in weight. The fact that the number of molecules of DMS covering the hydrogel surface is relatively smaller than that of TMS can be considered the reason for the above phenomenon. The thermal decomposition characteristics changed when the structure of the siloxane used for hydrophobization was changed. Weight reduction due to heat decreased as the number Fig. 7 . Photographs of (a) unheated hydrophobic silica xerogel (S1) and (b) hydrophilic silica xerogel heat-treated at 500°C for 1 h. Fig. 8 . TG (a) and DSC (b) curves of modified silica xerogels using hexamethyldisiloxane (S1), octamethyltrisiloxane (S2), decamethyltetrasiloxane (S3), dodecamethylpentasiloxane (S4), and octamethylcyclotetrasiloxane (S5) as hydrophobizing solvents. of dimethylsilyl groups increased, and a parallel trend toward higher thermal decomposition temperatures was observed.
Summary and conclusions
Five types of catenate and cyclic siloxanes were used as the hydrophobic solvent in the synthesis of hydrophobic silica xerogels, together with hydrogels synthesized from waterglass. The resultant xerogels exhibited varying degrees of coverage by TMS and DMS groups.
®The syntheses of the above xerogels were confirmed using FT-IR and 29 Si MAS-NMR. ®The silica xerogels had average pore diameters of 38 to 106 nm and porous structures with a white color that contained both mesopores (2 to 50 nm) and macropores (50 nm and greater). The relative area of the xerogels grew smaller, moreover, from 600 to 498 m 2 ·g
¹1
, as the proportion of the DMS group increased. The pore volume of the xerogel was unchanged, 23 cm 3 ·g ¹1 , however, irrespective of the number of DMS groups.
®Thermal analysis revealed that the xerogel samples with greater amounts of the DMS group on the internal surface exhibited smaller weight reductions when heated to a given temperature, while the thermal decomposition temperature also shifted to higher values.
Transparency is sacrificed in the method reported in this paper for synthesizing silica xerogels using waterglass as the raw material, but it is a useful method that can simply and rapidly form micropore and surface structures that exhibit "heat resistance" and "hydrophobicity", which are important properties for practical application. The process reported in this paper can be used to hydrophobize wet gels under mild and simple conditions. It has been shown that changing the structure of the siloxane used for hydrophobization makes it possible for DMS groups, which have rarely been studied in the past, to be introduced into the gel framework in arbitrary proportions. It has also been shown that the introduction of DMS groups into the gel framework can reduce the size of the specific surface area of the generated xerogel and the amount of combustible gas generated in the high temperature range. The design of the organic functional group on the surface of an aerogel can be an important parameter for determining its properties, and it is therefore believed that this study has presented a method and various information that will be important for future aerogel materials research.
Aerogels composed of silica raw material systems, such as TMOS and methyl silicate 51, and naturally derived raw materials such as cellulose nanofibers 12) and chitosan 13) can also be developed.
